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ABSTRACT IspH is a key enzyme in the last step of the methyl-D-erythritol-4-phosphate (MEP) pathway. Loss of function
of IspH can often result in complete yellow or albino phenotype in many plants. Here, we report the characterization of
a recessive mutant of maize, zebra7 (zb7), showing transverse green/yellow striped leaves in young plants. The yellow
bands of the mutant have decreased levels of chlorophylls and carotenoids with delayed chloroplast development.
Low temperature suppressed mutant phenotype, while alternate light/dark cycle or high temperature enlarged the yellow
section. Map-based cloning demonstrated that zb7 encodes the IspH protein with a mis-sense mutation in a conserved
region. Transgenic silencing of Zb7 in maize resulted in complete albino plantlets that are aborted in a few weeks,
confirming that Zb7 is important in the early stages of maize chloroplast development. Zb7 is constitutively expressed
and its expression subject to a 16-h light/8-h dark cycle regulation. Our results suggest that the less effective or unstable
IspH in zb7 mutant, together with its diurnal expression, are mechanistically accounted for the zebra phenotype. The
increased IspH mRNA in the leaves of zb7 at the late development stage may explain the restoration of mutant phenotype

in mature stages.
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INTRODUCTION

Isoprenoids play essential roles in plant growth and develop-
ment. In higher plants, biosynthesis of the basic isoprenoid units
occurs by two different pathways: the mevalonate (MVA) path-
way and the methyl-D-erythritol-4-phosphate (MEP) pathway
(Supplemental Figure 1). For decades, it was thought that the
MVA pathway was solely responsible for isoprenoid biosynthesis.
However, the alternative MEP pathway was discovered recently
in bacteria, green algae, and higher plants (Rohmer et al., 1993;
Eisenreich et al., 1998; Lichtenthaler, 1999; Cunningham Jr et al.,
2000; Rodriguez-Concepcion and Boronat, 2002; Rohmer, 2003).
The MVA pathway occurs in the cytosol and is responsible for
the synthesis of sterols, certain sesquiterpenes, and the side
chain of ubiquinone (Disch et al., 1998). By contrast, the MEP
pathway operates in the plastids and is involved in providing
the precursors for monoterpenes, isoprene, chlorophylls, car-
otenoids, tocopherols, taxadiene, gibberellins, and abscisic
acid (Schwender et al., 1996; Zeidler et al., 1997; Eisenreich
et al.,, 1998; Lichtenthaler, 1999; Rohmer, 1999) (Supplemental
Figure 1). In recent years, the entire MEP pathway and almost all
the enzymes involved have been identified in Escherichia coli.
The activity of the corresponding enzyme and the roles they

played in the pathway have been widely demonstrated
(Sprenger et al., 1997; Lois et al., 1998; Takahashi et al., 1998;
Rohdich et al., 1999; Herz et al., 2000; Littgen et al., 2000; Hecht
etal, 2001; Adam et al., 2002). The genes encoding each enzyme
in the MEP pathway are highly conserved.

Genes encoding enzymes involved in the MEP pathway are
important for chlorophyll and carotenoid biosynthesis in
plants. Knockout mutations of several genes in this pathway
in Arabidopsis and Nicotiana benthamiana display albino phe-
notype (Mandel et al., 1996; Araki et al., 2000; Estévez et al.,
2000; Budziszewski et al., 2001; Gutiérrez-Nava et al., 2004;
Page et al., 2004; Guevara-Garcia et al., 2005). The transcript
accumulation is modulated by multiple external signals, such
as light, nutritional cues. Posttranscriptional regulation of
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some enzymes of the MEP pathway has also been detected
(Carretero-Paulet et al., 2002; Guevara-Garcia et al., 2005;
Hsieh and Goodman, 2005; Hsieh et al., 2008).

IspH (also called HDR or LytB) catalyzes the last step of
the MEP pathway and plays a rate-limiting role in the pathway.
It was originally characterized in E. coli during studies of
penicillin tolerance and the control of the stringent response
(Gustafson et al., 1993). Since then, molecular studies of the
IspH gene have been performed in different organisms and
during different developmental stages. Mutagenesis studies
in E. coli suggested that the IspH gene is essential, as it is
responsible for producing a metabolite required for isopre-
noid biosynthesis in the non-MVA pathway (Altincicek et al.,
2001; McAteer et al.,, 2001). In the leaves of Nicotiana
benthamiana, down-regulation of the I/spH gene by virus-
induced gene silencing results in albino phenotype (Page
et al., 2004). Analyses of HDR expression in tomato fruit ripen-
ing and A. thaliana seedling de-etiolation demonstrated that
HDR is important in regulating the production of precursors
for carotenoid and taxadiene biosyntheses (Botella Pavia
et al., 2004). Studies on a collection of characterized A. thali-
ana chloroplast biogenesis albino mutants revealed that c/b6
mutants are caused by loss of function of the IspH gene
(Gutiérrez-Nava et al., 2004; Guevara-Garcia et al., 2005).
Characterization of the c/b6 mutant and the null mutation
in A. thaliana illustrated that IspH is posttranscriptionally
regulated and that it is coordinately regulated under a 16-h
light/8-h dark cycle (Guevara-Garcia et al., 2005; Hsieh and
Goodman, 2005). Recently, in vivo Mossbauer Spectroscopy
of the LytB protein indicated that it contains an unusual
[4Fe-4S]%* cluster that is attached to the protein by three con-
served cysteine residues. This cluster contains a hexacoordi-
nated iron linked to three of the sulfurs and three
additional oxygen and nitrogen ligands (Seemann et al., 2009).

Single-recessive mutations that cause variegated or striped
patterns are known in many species, including maize, rice, bar-
ley, and Arabidopsis (Hansson et al., 1997; Aluru et al., 2001;
Huang et al., 2009; Chai et al.,, 2011). The leaves of these
mutants have green and yellow (or white) sections. The yel-
low/white sections of the mutant contain decreased levels
of chlorophylls and carotenoids and show impaired chloro-
plast structure. The variegated mutant usually has enhanced
sensitive to environmental factors, such as temperature and
light. Recent cloning of the responsible genes has indicated
that leaf variegation occurs through various metabolic
pathways. Arabidopsis im, which exhibits light-dependent
leaf variegation, is a classic example of variegation. The
responsible gene IMMUTANS encodes a chloroplast terminal
oxidase and functions in phytoene desaturation during
carotenoid biosynthesis (Carol et al., 1999; Carol and Kuntz,
2001). Rice zebra2-1 mutant was caused by the mutation in
carotenoid isomerase (Chai et al., 2011). Inactivation of ZE-
BRA2 causes a decrease in carotenoids content followed by
the accumulation of ROS that results in photoinhibition and
photobleaching (Chai et al., 2011). Maize camouflage1 (cf1)
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mutant develops nonclonal, yellow-green sectors in its leaves.
The cf1 gene encodes porphobilinogen deaminase (PBGD),
an enzyme that functions early in chlorophyll and heme bio-
synthesis. A threshold model is discussed that incorporates
photosynthetic cell differentiation and the roles of light and
ROS homeostasis (Huang et al., 2009).

In this study, a maize recessive mutant, zebra7 (zb7), is char-
acterized. The seedling of the mutant exhibits a transverse yel-
low—green strip leaf phenotype. Additionally, we determined
that expression of zb7 phenotype was affected by the light/
dark cycle and temperature. Map-based cloning demonstrated
that zb7 is a mis-sense mutation (C to T at residue 190, which
results in an amino acid change of Arg to Cys at position 64) of
IspH. Gene silencing of IspH in maize resulting in albino
phenotype confirmed that IspH is essential in the early stages
of chloroplast development in maize. Our results suggest that
the phenotype of transverse green/yellow stripes on the mu-
tant leaves is due to the less effective or unstable mutant IspH
protein and its diurnal expression. Our result also indicates
that the higher expression level of mutated IspH at mature
stage may explain the restoration of mutant phenotype.

RESULTS

Phenotypic Characterization of the zb7 Mutant

The zb7 mutant exhibited transverse yellow-green crossbands
leaf phenotype in its seedling stage (Figure 1B). Under normal
conditions, the yellow-green crossbands gradually disap-
peared after the 10-leaf stage (Supplemental Figure 2). The
zb7 mutant was slightly smaller than the wild-type at the
three-leaf stage and had reduced cell contents of chlorophyll
a (Chl a), chlorophyll b (Chl b), and carotenoids throughout
development (Table 1). At the three-leaf stage, the yellow
bands of the zb7 contained significantly lower levels of Chl
a, Chl b, and carotenoids compared to those in the zb7-green
sections and the wild-type plant. Pigment levels in zb7 yellow
sectors were decreased to approximately 44-62% compared to
wild-type (Table 1). At the nine-leaf stage, levels of Chl a, Chl b,
and carotenoids were still lower in the yellow bands of the mu-
tant compared to those in green sections and the wild-type
plant (Table 1). Once the yellow-green crossbands had disap-
peared (i.e. when the plants reached adult stage and had
turned completely green), the pigment contents of the zb7
mutant are similar to the wild-type (Table 1).

To investigate the effects of the zb7 mutation on the
ultrastructure of chloroplasts, leaf sections from wild-type,
zb7-green, and zb7-yellow plants at different stages of devel-
opment were analyzed by transmission electron microscopy
(TEM) (Figure 1). The leaf cells of B73 possessed both normal
and abnormal chloroplasts (Figure 1H). In the cells from the
green sections of the mutant leaves, most of the chloroplasts
were normal but appeared to contain fewer grana stacks com-
pared to the wild-type (Figure 11). In contrast, in the yellow
sections, the internal structures of the chloroplasts were
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Figure 1. The Performance of zb7 Mutant at Different Light and Temperature Regimens and Chloroplast Ultrastructures from Wild-Type

and zb7 Mutant Plants.
(A) Wild-type.

(B) 16-h light at 32°C/8-h dark at 22°C, or 16-h light/8-h dark at 28°C, or 16-h light/8-h dark at 32°C, or 24-h light with 16-h at 32°C/8-h at 22°C

or 24-h light, at 22°C

(C) 24-h light, at 32°C.

(D) 16-h light/8-h dark at 18°C or 24-h light at 18°C.
(E) 16-h light/8-h dark at 22°C.

(F) First 16-h at 32°C/8-h dark at 22°C, later 24-h light, 18°C after two-leaf stage.

(G) 16-h at 32°C/8-h dark at 22°C after (F).

(H) Normal chloroplast ultrastructure with well-ordered and abundant stacks in B73.
(1) Basic normal chloroplast with fewer granal stacks in zb7-green cells.
(J) Disordered grana and decomposition of grana stacks in zb7-yellow cells.

(K) Ampliate two multiple image of J. Bar equals 0.5 pm.

severely disaggregated and contained vesicle structures with
high electron density (Figures 1J and 1K).

Light and Temperature Conditions Affect the
Zebra Phenotype

Previous reports showed that many variegation mutants are
light and/or temperature sensitive (Carol et al., 1999; Kusumi
et al., 2000; Aluru et al., 2001; Carol and Kuntz, 2001). To test
this, zb7 mutants were grown at 10 different light and
temperature regimens to determine the effects of light and
temperature on the zebra crossbands phenotype: (1) 18°C,
16-h light/8-h dark; (2) 22°C, 16-h light/8-h dark; (3) 28°C,
16-h light/8-h dark; (4) 32°C, 16-h light/8-h dark; (5) 16 h at
32°C/8 h at 22°C, 24-h light; (6) 32°C, 24-h light; (7) 22°C,
24-h light; (8) 16-h light at 32°C/8-h dark at 22°C; (9) 18°C after
5-d germination as regimen 8; (10) regimen 8 after regimen 9.
All the plants were germinated so as to provide mutant
seedlings at the three-to-four-leaf stage. The zb7 mutant
showed obvious horizontal zebra crossbands when grown
under regimens 3, 4, 5, 7, and 8 (Figure 1B). Seedlings under

Table 1. Content of Photosynthetic Pigments in Leaves of Wild-
Type and zb7 Mutant Plants.

Growth stage  Genotype Total Chl a Chl b Car

Three-leaf Wild-type  1.08 = 0.08 0.39 = 0.08 0.23 = 0.02
Three-leaf zb7 green  1.18 = 0.27 0.39 = 0.12 0.24 = 0.04
Three-leaf zb7 yellow 0.48 = 0.16 0.24 = 0.07 0.10 = 0.04
Nine-leaf Wild-type 1.39 £ 0.16 0.68 = 0.35 0.35 = 0.09
Nine-leaf zb7 green  1.60 = 0.10 0.57 = 0.10 0.34 = 0.04
Nine-leaf zb7 yellow 1.07 = 0.07 0.38 = 0.07 0.27 = 0.02
Adult Wild-type  2.32 = 0.03 0.99 = 0.02 0.37 = 0.01
Adult zb7 229 £ 0.12 093 £0.13 0.37 = 0.01

Chlorophylls and carotenoids were measured in acetone extracts from
the second leaf from the top of plants in different growth stages.
Values are mg g~ fresh weight and are given as the mean (=1 standard
deviation) of five independent determinations.

regimen 1 were totally green (Figure 1D). Under regimen 2,
the seedlings showed slight alternating yellow—green cross-
bands on the young shoots but they soon turned completely



green (Figure 1E). Surprisingly, the three-leaf stage of the zb7
mutant gradually became yellow under regimen 6 (Figure 1C),
while the leaves gradually turned green under regimen 9
(Figure 1F). The green leaves did not convert to yellow—green
crossbands under regimen 10 (Figure 1G). These observations
indicate that light and temperature affected the banding of
the zb7 mutant. Constant low temperature kept the seedlings
completely green, while constant light and high temperature
can make the plant turn completely yellow.

According to several previous studies, the variegation
mutants usually develop nearly normal green leaves under
low-light conditions. However, under middle or high intense
light, the yellow/white sectors are enlarged or even necrotic.
Reduced PSII activity and accumulation of ROS are generally
observed in the damaged leaf cells (Fang et al., 2008; Rosso
etal., 2009; Li et al., 2010). To examine this possibility, we grew
zb7 and wild-type plants at 25°C but under different lighting
conditions from 5 pmol photons m~2 s~', 250 pmol photons
m~2 s~" to 400 pmol photons m~2 s~'. As shown in Figure 2,
the zebra phenotype of all zb7 mutants did not revert under
low-light conditions; instead, they turned enhanced yellow

Figure 2. Phenotype of zb7 Mutant Grown under Different Light
Intensity.

Seeds from both the wild-type and zb7 were grown at 25°C in
growth chambers under three different light conditions.

(A-C) Representative photographs of zb7 mutants grown at 5, 250,
and 400 pmol photons m™2 s~ light intensity.

(D) The phenotype of the third leaves of zb7 mutants from different
light growth conditions were compared. LL, ML, and HL represent
low-light (5 pmol photons m2s~"), moderate-light (250 umol
photons m~2 s~"), and high-light (400 pmol photons m~2 s~") con-
ditions, respectively.
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(Figure 2A and 2D). And the high-light condition did not en-
large the yellow section either (Figure 2B-2D). We also mea-
sured the maximal photochemical efficiency of PSII (variable
fluorescence F,/maximum fluorescence F,,) to assess the PSII
function of the mutant. F,/F,, practically shows the potential
yield of PSIl photochemistry and is approximately 0.83 for
a wide variety of plants (Horton and Bowyer, 1990). Under
the three different light conditions, the F,/F,, values of both
the zb7-G and zb7-Y were lower than the wild-type, while
F, /F, values of zb7-Y were only 63-80% of wild-type (Table 2).
Under low-light conditions (5 pmol photons m=2s~"), the
F,/F,, values of zb7-Y did not increase. Under high-light
conditions (400 pmol photons m™2 s™"), it also did not drop.
These results suggested that a proportion PSIl reaction centers
were damaged, but the zebra phenotype and the arrest of
chloroplast development in zb7 mutants are not due to the
secondary effect of photooxidative stress.

Genetic Analysis and Fine Mapping of zb7

To genetically analyze the zb7 mutant, the homozygous zb7
mutant plants were crossed with B73, Mo17, and Zong31,
respectively. The phenotypes of all the F, plants were the same
as that of the wild-type. Three backcross populations were
constructed from crosses between the zb7 mutant and B73,
Mo17, and Zong31. The phenotypes showed a segregation
ratio of 1:1 (zebra plants: green plants, x> < x%y0s = 3.84;
P > 0.05; Supplemental Table 1) in each backcross population.
Thus, the leaf phenotype of the zb7 mutant is controlled by
a single-recessive nuclear gene.

The zb7 locus had been mapped to the long arm of maize
chromosome 1 (Neuffer MG, 1987; Sisco, 1988). To validate this
mapping position, a BC1 population was generated from
a cross between the zb7 mutant and B73. Initial mapping
revealed that the zb7 was located in a 4.2-Mb region between
simple sequence repeat (SSR) markers umc2189 and umc1534
(Figure 3A). To further refine the position of zb7, a large pop-
ulation was examined, including 6500 plants from the BC1 seg-
regation population and 968 plants exhibiting the zebra
crossbands from the F, segregation population. Based on
the genome sequence of B73 (archive.maizesequence.org),
six SSR markers and four cleaved—-amplified polymorphic
sequences (CAPS) were developed between umc2189 and
umc1534 (Supplemental Table 2). According to the genotypes
and phenotypes of the recombinants, zb7 was eventually map-
ped to a 160-kb region between CAPS1 and AC209801SSR lo-
cated on BAC AC211483 and AC209801, respectively (Figure 3B
and 30Q).

zb7 Encodes IspH, an IPP/DMAPP Synthase

Further analysis of the region led to the identification of a pu-
tative gene that encoded the IspH (LytB or HDR) protein, which
functions in chloroplast development and has high sequence
homology with the A. thaliana IPP/DMAPP synthase gene. The
IspH catalyzes the reaction of HMBPP to IPP and DMAPP in the
last step of the MEP pathway. As a candidate gene, the open
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Table 2. Chlorophyll Fluorescence Parameters in the Wild-Type and Mutant Plants under Different Light Intensity.

Low-light intensity

Moderate-light intensity

High-light intensity

Parameter Wild-type zb7-G zb7-Y Wild-type zb7-G zb7-Y Wild-type zb7-G zb7-Y

Fo 0.23 =0.02 0.27 =0.05 045=*0.02 0.25=*0.01 023=*=0.01 032=*=0.01 022=*0.01 025=*0.03 0.34=*0.02
Fn 1.20 = 0.12 099 +0.13 091 *+0.04 132*=0.10 1.00*0.06 0.91=*0.08 1.22*=0.03 1.03=*=0.08 0.98 = 0.08
Fu/Fm 0.81 +0.01 0.73+0.02 0.51+0.01 0.81+0.04 0.77+0.01 0.65=*002 082=+0.03 0.76+0.02 0.65=*0.03

The Fpand F,, values were measured in fully matured third leaf blades of three-leaf-old plants raised in growth chambers. Mean and SD values were
obtained from five measures. zb7-G and zb7-Y represent the green and yellow sectors of the mutant, respectively.

reading frame (ORF) was amplified from the zb7 mutant and
wild-type by reverse transcription polymerase chain reaction
(RT-PCR). Sequencing and comparison of the RT-PCR products
indicated that the recessive zb7 has a single nucleotide
alteration at codon 190 (Cto T) in the first exon, which resulted
in an amino acid change at residue 64 from Arg to Cys
(Figure 4A). Analyses of 10 maize inbred lines by sequencing
and restriction enzyme digestion (Mael) revealed that this
nucleotide substitution is specific in the zb7 mutant (data
not shown). Therefore, we conclude that zb7 corresponds to
IspH gene.

Zb7 is a single copy gene in maize genome with a 1389-bp
ORF. The ORF of the Zb7 gene includes 10 exons and encodes
a 462 amino acid protein named IspH (LytB or HDR) that has
a molecular mass of ~51.6 kD. HDR is a chloroplast protein
with an apparent chloroplast-targeting region of 35 amino
acids at its N-terminus according to the ChloroP algorithm
(Emanuelsson et al., 1999). HDR is located in the stroma of
the chloroplast (Guevara-Garcia et al., 2005). Sequence align-
ments of multiple amino acid sequences from different organ-
isms revealed that the IspH (LytB or HDR) of maize shared high
homology with proteins from other plants, including that
from Cyanobium sp. (61%) and E. coli (21%) (Figure 4C). There
is 76-93% sequence identity between IspH proteins of maize
and those of various higher plant species, such as Sorghum
(93%), Oryza sativa (88%), C. acuminata (80%), Hevea brasi-
liensis (79%), Arabidopsis (77%), and A. annua (76 %) (McAteer
etal., 2001; Guevara-Garcia et al., 2005; Kim et al., 2008; Sando
et al,, 2008; Wang et al., 2008) (Figure 4C). There are four
conserved cysteine residues in the IspH protein of plant and
Cyanobium sp., but the conserved cysteine residues are missing
in that of Synechococcus and E. coli. The non-conserved cyste-
ine residues in E. coli might participate in the coordination of
the iron-sulfur bridge proposed to be involved in the catalytic
center (Seemann et al., 2002; Wolff et al., 2003). Phylogenetic
analysis using sequences of IspH protein from various species
revealed that maize IspH cluster together with that of Sor-
ghum and rice, and is more distantly related to the proteins
from C. acuminata, H. brasiliensis, A. thaliana, A. annua and
Nicotiana tabacum (Figure 4B).

Gene Silencing of IspH Results in an Albino Phenotype

The function of IspH has been investigated in Nicotiana ben-
thamiana. TRV-IspH-induced gene silencing caused an albino
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Figure 3. Map-Based Cloning of the zb7 Gene.

The map was constructed based on the publicly available sequence
of maize chromosome 1. Five SSR markers (umc2047, umc1306,
umc2189, umc1534, bnlg1347) were obtained from the public da-
tabase on Maize GDB; six SSR markers (AC209902, AC191530,
AC196186, AC190915, AC202035SSR, AC209801SSR) and four CAPS
markers (CAPS1, CAPS2, CAPS3, CAPS4) were developed using SSR
Hunter software and sequences based on the B73 genome. Num-
bers indicate recombinants at the marker regions.

(A) The zb7 locus was mapped to an interval between markers
umc2189 and umc1534 at the long arm of maize chromosome 1
(Chr.1) using 654 BC; segregation individuals.

(B) Fine mapping of the zb7 locus. The locus was delimited between
AC191530 and AC196186 using 6500 segregation populations of
BC; and 968 recessive individuals of F, four BAC contigs
(AC200749, AC211483, AC209801, AC202035) cover the zb7 1ocus.
(C) The zb7 gene was narrowed down to a ~160-kb genomic DNA
region between the CAPS marker CAPS1 and SSR marker
AC209801SSR, and co-segregated with CAPS2, CAPS3, and CAPSA4.

phenotype that reduced chlorophyll and carotenoid
pigments to less than 4% of normal levels (Page et al.,
2004). Asingle nucleotide insertion in the eighth exon of IspH
caused a premature translation termination in the c/b6
mutant of A. thaliana that resulted in an albino phenotype
(Guevara-Garcia et al., 2005). An A. thaliana IspH null mutant
(owing to T-DNA insertion) has an albino phenotype and
transgenic lines of Arabidopsis that are caused by IspH
transgene-induced gene silencing showing various albino
patterns (Hsieh and Goodman, 2005). All previous research
on the IspH gene implied that it plays an indispensable role
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Figure 4. Structure of IspH Gene and Sequence Alignment of Multiple Amino Acids from Different Organisms and Analysis of Phylogenetic
Tree.
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in the early stages of chloroplast development. To confirm the
function of maize IspH gene, an anti-sense vector of 35S: IspH
c¢DNA was constructed in order to silence the IspH gene. Trans-
genic maize plants showed complete albino (Figure 5C). The
anti-sense sequence of IspH was only detected in the albino
plants, while this was not detected in the transgenic plants
with empty vector, which shows a normal phenotype
(Figure 5A), suggesting that albino plants were causing by
the silencing of the IspH gene. Total RNA of albino tissue
was extracted for RT-PCR analysis of IspH expression. There
was no IspH expression in the albino tissue (Figure 5B). The
contents of chlorophylls and carotenoids were normal in
the empty vector transgenic plants, while there was a huge
reduction in the levels of these pigments (close to zero) in
albino tissues. There were no chloroplasts in the cells
from the albino tissues (Figure 5D). Transgenic albino plants
gradually died after 2 weeks. This suggests that IspH is
essential in maize during the early stages of chloroplast
development.

Photoperiod-Regulated Expression of IspH and the
Increased mRNA Accumulation in the Leaves of Late
Development Stages of zb7 Plants

To assess the temporal and spatial expression of IspH, total
RNA was extracted from wild-type and zb7 mutant plants in
different developmental stages. The results of RT-PCR showed
that IspH was expressed in various tissues (stems, leaves, ears,

Control  IspH-silenced  ddH20 Control

——  —— PR
D

Control

and tassels) at levels that did not differ significantly from each
other. The expression was lower in the roots in both wild-type
and zb7 mutant plants (Figure 6A). While under conditions
of 48-h light/48-h dark and 48 h at 32°C/48 h at 20°C, the
expression level of IspH was detected to remain unchanged
(Figure 6B).

To further investigate whether the expression of IspH gene
is modulated by photoperiod, we compared the day/night ex-
pression patterns during the 16-h light/8-h dark photoperiod
conditions. Test samples were taken every 2 h. gRT-PCR
showed the expression of IspH oscillated during a light/dark
cycle. Higher transcript levels were detected during earlier
light period and later dark period (Figure 6C).

The zb7 mutant developed transverse-striped leaves with
yellow—green sectors in its seedling stage, the yellow-green
crossbands gradually disappeared with the growth of the mu-
tant. To explore the possible reason for the restoration of
green color in later stages of growth, we detected the expres-
sion of IspH and other genes involved in the MEP pathway at
different stages between zb7 mutant and wild-type. RT-PCR
showed that /spH mRNA was expressed more abundantly after
the six-leaf stage compared with the three-leaf stage of zb7;
the expression level was even higher than the wild-type. The
other genes involved in the MEP pathway shared similar
expression pattern except IspG (Figure 6D). The higher expres-
sion level at late development stages of zb7 might be a possible
reason for the restoration of green.

Figure 5. Maize 35S:/spH cDNA Trans-
gene-Induced Gene Silencing.
The ¢cDNA fragment was 470 bp from
CDS-582 to CDS-1052 and the reverse
cDNA fragment contained Bglll and
BstEll restriction enzyme sites and
a GC protective base.
(A) Detection of IspH DNA.
(B) RT-PCR analysis of IspH in wild-type
and IspH gene silencing line. The maize
actin was used as a control.
(C) The wild-type control and the trans-
gene albino plant that was IspH-si-
lenced.

) (D) Chloroplast ultrastructure of con-
# trol and transgene albino plants that
was IspH-silenced.

IspH-silenced

IspH-silenced

(A) Schematic diagram of IspH gene ORF with mutation from Cto T.

(B) Multiple alignments of HDR sequences from the gene bank published on NCBI for maize (Zm, cl00507), Sorghum (Sb, SORBI-
DRAFT_01g009140), rice (Os, Osl_13396), Artemisia (Aa, ABY57296), Nicotiana (Nt, AAD55762), Hevea (Hb, BAF98297), Camptotheca acu-
minata (Ca, ABI64152), Arabidopsis (At, ATAG34350), Cyanobium sp. (Cy, ATCC 51142), and Escherichia coli (Ec, P22565). Identical residues
are boxed in black; similar residues are highlighted in gray. The triangle indicates the position of the cleavage site of the plastid-targeting
peptides predicted with the ChloroP algorithm. Four conserved cysteine residues are denoted by solid dots. The Arg to Cys mutation at
position 64 is indicated by an empty dot. The non-conserved cysteine residues in E. coli are indicated with asterisks.

(C) A phylogenetic tree of HDR from different organisms generated with MEGA.2.0.
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Figure 6. Expression of IspH by RT-PCR.

(A) Expression of IspH in root (R), stalk (S), leaf (L), ear (E), and tassel (T) of wild-type and zb7 mutant plants.

(B) IspH expression in wild-type and zb7 mutant three-leaf plants grown in 48-h light or 48-h dark and 48 h at 32°C or 48 h at 20°C.
(C) Expression pattern of IspH in a normal 16-h light/8-h dark cycle at 2 d; samples were collected every 2 h.

(D) Expression of MEP genes between wild-type and mutant plants at different developmental stages: three-leaf stage (3-L), six-leaf stage
(6-L), seven-leaf stage (7-L), nine-leaf stage (9-L), 13-leaf stage (13-L), 15-leaf stage (15-L).

DISSCUSION

Zb7 Encodes 1-hydroxy-2-methyl-2-(E)-butenyl-4-
diphosphate (HMBPP) Reductase in Maize

In this study, we cloned the zb7 gene by a map-based cloning
strategy. Our result indicates that zb7 encodes the IspH protein
of the plastid MEP pathway. Levels of chlorophylls and carote-
noids were significantly reduced in the zb7-yellow section
compared with the zb7-green and wild-type plants at the
three-to-four-leaf stage, but they increased gradually to the
same level as the wild-type at adult stage (Table 1). The simul-
taneous increase in chlorophyll and carotenoid contents (with
associated phenotypic changes) indicated that mutation of
IspH affected the syntheses of chlorophyll and carotenoid in
parallel. In the zb7-yellow cells, the biosynthesis of the photo-
synthetic apparatus was affected detrimentally with incom-
plete thylakoid performance and vesicle structures of high
electron density (Figure 1J and 1K); however, the chloroplasts
gradually developed into normal chloroplasts at more mature
stages of development. Interestingly, although the intergranal
lamella layers in the zb7-green plants were thinner and fewer
than in the wild-type (Figure 11), the contents of chlorophylls

and carotenoids were the same as in wild-type (Table 1),
suggesting that the impaired chloroplasts in the zb7-green
plants were sufficient for syntheses of these pigments.
Sequence comparison of IspH cDNA between zb7 mutant
and wild-type plants revealed that a single nucleotide change
(C to T) in the highly conserved region resulted in an amino
acid alteration (Arg to Cys). This alteration might affect the
stability and activity of the IspH. The GcpE and IspH/LytB of
E. coli and GcpE of A. thaliana of the MEP pathway are all di-
phosphate reductases belonging to the [4Fe-4S]** protein
family (Seemann et al., 2002; Wolff et al., 2003; Seemann
et al., 2005). The enzyme catalytic center requires a double
one-electron transfer involving the [4Fe-4S]?* cluster. At the
active site, there is the [4Fe—4S]?>* cluster and a redox-active
disulfide bridge, which contains four conserved cysteine resi-
dues that are linked to the sulfur via a disulfide bond. The LytB
protein of E. coli has only three conserved cysteines (at posi-
tions 12, 96, and 197) but these are essential for binding the
iron-sulfur center to apoprotein. The non-conserved cysteine
at position 261 might participate in [4Fe-45]>* coordination,
and the [4Fe-4S]?>* center has been shown to have unusual co-
ordination using in vivo Mossbauer Spectroscopy (Seemann
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etal., 2002, 2005, 2009). Amino acid sequence alignment from
different organisms suggested that the IspH is highly con-
served, although there is only ~21% identity between the
Zea mays and E. coli proteins (Figure 4C). There are four con-
served cysteine residues in the amino acid sequences of IspH
from plants and Cyanobium sp. and a highly conserved region
at the N-terminus that is absent from the E. coli protein. This
result suggests a similar enzymatic mechanism for LytB in
plants and Cyanobium sp. The conserved cysteine residues
and N-terminus sequence can play important roles for the
activity or the stability of the IspH protein. Thus, it is hypoth-
esized that the mutation of the conserved amino acid at
position 64 in the zb7 mutant might affect the enzyme activity
or stability.

In E. coli, LytB catalyzes HMBPP to IPP and DMAPP in a ratio
of ~5.5:1 in the last step of the MEP pathway (Altincicek et al.,
2001; Adam et al., 2002; Rohdich et al., 2002, 2003). Mutation
of IspH in E. coli, cyanobacteria, and A. thaliana confirmed the
role of this enzyme in isoprenoid biosynthesis via the MEP
pathway (Cunningham Jr et al., 2000; Altincicek et al., 2001;
McAteer et al., 2001; Guevara-Garcia et al., 2005; Hsieh and
Goodman, 2005). In IspH-silencing of maize, no expression
was detected (Figure 5B), while the cell contents of chloro-
phylls and carotenoids were close to zero. In addition, the
chloroplasts were almost without thylakoids and contained
large vesicle structures (Figure 5D). Thus, these observations
are similar to those seen in N. benthamiana and A. thaliana,
where loss of function and gene silencing of IspH produced
an albino phenotype with impaired chloroplasts containing
large vesicles. In plants, the chlorophylls and carotenoids are
synthesized in the chloroplast, and play important roles in
photosynthesis and protecting the photosynthetic apparatus;
as such, it was not surprising at all that the IspH-silenced maize
plants died gradually up to 2 weeks of age.

Possible Mechanism of the Transverse
Yellow-Green Phenotype

Zebra is a special kind of chlorophyll-deficient phenotype in
plants. In crops, several zebra mutants have been described
and some of them have been cloned (Neuffer MG, 1987;
Sanchez and Khush, 1992; Huang et al., 2009; Wang et al.,
2009; Li et al., 2010; Chai et al., 2011). A fundamental question
is how the zebra bands form under the same genetic back-
ground. ZEBRA2 in rice encoding carotenoid isomerase had
decreased contents of carotenoids, a group of well-known
photoprotective pigments, leading to lower efficiency in scav-
enging ROS in the PS Il followed by the accumulation of ROS
that results in photoinhibition and photobleaching (Fang
et al.,, 2008; Chai et al., 2011). Mutation on rice ZN gene
had caused decreased PSII recovery rates, resulting in the ac-
cumulation of ROS and hypersensitive to photoinhibition. In
our research, the zb7 mutant was affected by light and tem-
perature. Plants grown at lower temperatures (below 22°C)
were shown to be completely green, while constant light
and constant high temperatures produced completely yellow

plants. Unlike other previously reported zebra mutants, inten-
sity of light does not obviously affect the zb7 phenotype. Un-
der low light intensity, the zebra phenotype of all zb7 mutants
did not revert (Figure 2A and 2D). And the high-light condition
did not enlarge the yellow section either (Figure 2B-2D). Our
data suggest that the damage of the PSll is not the direct cause
of the zebra phenotype—a result that is consistent with a pre-
vious study of c/b mutans in Arabidopsis (Gutiérrez-Nava et al.,
2004).

IspH is constitutively expressed lower in the roots, but highly
expressed in stem, mature leaves, ear, and tassel during flower-
ing (Figure 6A). The expression of all MEP pathway genes is
highly expressed in the light but only expressed at low levels
in the dark, with the exception of IspH, which is also coordi-
nately regulated by a 16-h light/8-h dark photoperiod. The sin-
gle nucleotide mutation in zb7 did not affect the expression of
IspH in maize. qRT-PCR results from 16-h light/8-h dark condi-
tions showed the highest expression of IspH in the early light
and late dark periods (Figure 6C). These observations are
consistent with a previous study in Arabidopsis (Hsieh and
Goodman, 2005). The zb7 mutant still exhibited the zebra phe-
notype under constant light and the 16-h at 32°C/8-h at 22°C
regimen, suggesting that temperature might affect the
enzyme activity of IspH. Therefore, it is hypothesized that,
under low-temperature (below 22°C) conditions, IspH enzyme
activity is more stable and the syntheses of chlorophylls and
carotenoids are the same as the wild-type, although different
expression levels are observed during a single day. Under con-
stant high temperatures (higher than 22°C), enzyme activity is
reduced or partially deactivated, and the photoperiod is im-
portant for the exhibition of the diurnal crossbands. Under
constant light, different temperatures result in distinct enzyme
activity and this is the key for the expression of the phenotype.
Constant light and higher temperatures (32°C) result in lower
IspH expression and reduced enzyme activity, causing a com-
pletely yellow phenotype. In conclusion, our results suggest
that the less effective or unstable IspH in zb7 mutant and
the diurnal expression of IspH together accounted for the
zebra phenotype under normal growth conditions.

Restoration of Green Related to the Higher Expression
Level at Late Development Stages of zb7

Mutation of IspH resulted in a diurnal transverse yellow-green
phenotype more or less specific to younger leaves. The reason
for the restoration of green color in later stages is not fully un-
derstood. It is possible that there is functional redundancy
resulting from another gene that functions in a similar manner
to IspH. Genes in the MEP pathway in plants were thought to
exist almost entirely in a single copy, with the exception of DXS
in Arabidopsis and rice. Moreover, studies on C. acuminata
showed that CaHDR belonged to a low-copy gene family,
but a multicopy phenomenon for HMBPP reductase was found
in gymnosperms Ginkgo biloba and Pinus taeda (Botella Pavia
etal., 2004; Kim et al., 2008; Wang et al., 2008). BlastN searches
of the IspH gene in the maize genome indicated that IspH is



a single copy gene, which is consistent with the HDR in angio-
sperms. IPP and DMAPP are synthesized in the MVA and MEP
pathways, and crosstalk between cytosolic and plastidial path-
ways has been reported previously in plants. Indeed, IPP and
DMAPP is transported unidirectionally from plastids to cytosol
in spinach, and it is the MVA-derived products that contribute
to the formation of chlorophylls and carotenoids needed for
plastid development (Eisenreich et al., 1998; Lichtenthaler,
1999; Eisenreich et al., 2001; Kasahara et al., 2002; Nagata
et al., 2002; Rodriguez-Concepcion and Boronat, 2002; Bick
and Lange, 2003; Laule et al., 2003; Rohmer, 2003). IspH-
silencing in Arabidopsis and maize resulted in a lethal albino
phenotype, suggesting that there is no or little cytosolic IPP
and DMAPP transported into the plastids or chloroplasts
and this is insufficient for survival in the seedling stage.
Whether such transportation occurs in later developmental
stages is unknown. Expression of IspH in the zb7 mutant is
higher than wild-type in later stages (Figure 6D), and this
might explain the restoration of the green phenotype in
these plants. The elevated expression of IspH in zb7 mutant
of the later stages could be due to the feedback regulation
of the MEP pathways. Posttranscriptional regulation modu-
lates the expression levels of IspH and other genes in the
MEP pathway had also been suggested before (Botella Pavia
et al., 2004; Guevara-Garcia et al., 2005; Hsieh and Goodman,
2005; Wang et al., 2008).

METHODS

Plant Materials and Growth Conditions

The zb7 mutant of maize (Zea mays) is an EMS-induced reces-
sive mutantisolated originally by M.G. Nurfeer. It was grown in
the Shang Zhuang Experimental Station of the China Agricul-
tural University for phenotype observations. The zb7 mutant
was crossed with B73 to construct the BC; mapping popula-
tion. For light/temperature shift experiments, the zb7 mutant
was grown in illumination incubators at 10 different light and
temperature regimens. To assess the potential influence of
light intensity on the phenotype, mutant plants were grown
at 25°C under three different illumination conditions (5, 250,

and 400 pmol photons m—2 s~ ").

Measurement of Photosynthetic Pigments

Fresh leaf tissue (0.2 g) was taken in triplicate from zb7 mutant
and wild-type plants. Pigments were extracted using 95% eth-
anol. Chl a, Chl b, and carotenoid levels were determined with
a UVNVIS spectrophotometer measuring absorbencies at 665,
649, and 470 nm, respectively. Pigment contents were calculated
according to a previously reported method (Lichtenthaler, 1987).

Measurement of Chl Fluorescence

Chlorophyll fluorescence measurements were carried out using
a PAM 2100 portable fluorometer (Walz, www.walz.com/) at
room temperature. Samples were dark-adapted for 20 min prior
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to all measurements. The maximum quantum yield of PSII
photochemistry, F,/F,, was calculated as F,/Fr, = (Fn — Fo)/Fm
(Genty et al., 1989).

Transmission Electron Microscopy

Leaf samples of zb7-green, zb7-yellow, and B73 at different
stages of development were fixed in 4% glutaraldehyde
(0.2 M phosphate buffer; pH 7.2) for 16 h at 4°C, and then fur-
ther fixed in 1% osmium tetroxide for 6 h at 4°C. The samples
were passed through a series of alcohol solutions and then em-
bedded in Spurr resin. The dehydrated samples were cut on
a Reichert Ultracut-S and viewed with a transmission electron
microscope (JEOL 100 CX).

Marker Development and Fine Mapping

The fine mapping population included 6500 BC; and 968 F, seg-
regation plants and was constructed by crossing the zb7 mutant
and B73. Genomic DNA was extracted and analyzed for co-
segregation using available SSR markers (www.maizegdb.org).
New SSR markers were found using the SSRHunter 1.3 Simple
Sequence Repeat Search tool and designed using Primer 5.0
based on the B73 genome sequence (www.maizesequence.org).
CAPS markers were developed using SNP2CAPS software on se-
guence comparisons between the zb7 mutant and B73 accord-
ing to the published sequence of B73 (www.ncbi.nlm.nih.gov).

Sequence Analyses

IspH amino acid sequences from different organisms were
acquired from the National Center for Biotechnology Informa-
tion database and used for phylogenetic analyses. The plastid-
targeting peptide was predicted with SignalP version 3.0
(Emanuelsson et al., 2007). Multiple amino acid sequence
alignments and phylogenetic analyses were performed using
DNAMAN version 6.0 (Lynnon Biosoft).

Construction of Anti-Sense Vector for IspH and
Maize Transformation

Total RNA was extracted from B73 at the three-leaf stage for
RT-PCR and part of the IspH full-length cDNA amplified using
primers  5-GCGGTAACCTACACGCTAAATGAGAAGAAGGT-3’
and 5'-GCAGATCTTCCTGAGTGGCATCACAAAT-3'. The PCR
product was cloned into pEASY-T1 cloning vector for sequenc-
ing and plasmid was extracted using the Easy Pure Quick Gel
extraction kit (Transgen Biotech). Then, the plasmid was
digested using two restriction enzymes (Bg/ll and BstEll).
The fragment was recovered using a QiA Quick Gel extraction
kit. The fragment of IspH cDNA was subcloned into the plant
expression vector pCAM 3301, and transformed into immature
embryos according to an agrobacterium-mediated transfor-
mation method.

Maize immature embryos dissected at 12 days after pollina-
tion(DAP), explanted on N6E medium, and incubated in the dark
for 2 or 3 d. Explanted embryos were immersed in 1-1.5 ml of A.
tumefaciens suspension. The infection was accomplished by
gently inverting the tube 20 times before resting it upright
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for 5 min with embryos submerged. After infection, embryos
were transferred to the surface of co-cultivation medium and
incubated in the dark at 20 or 23°C for 3 d. After 4-7 d on rest-
ing medium (28°C, dark), embryos were transferred to selection
medium (30 per plate) containing 1.5 mg |~" bialaphos. Selec-
tion was increased to 3 mg |~ bialaphos 2 weeks later. Puta-
tively transformed events were identified as early as 5 weeks
after infection. Regeneration of Rq transgenic plants from Type
Il embryogenic callus was accomplished by a 2-3-week matura-
tion step on Regeneration Medium | followed by germination in
the light on Regeneration Medium Il. Stable transformation ef-
ficiency (%) was calculated as the number of bialaphos-resistant
callus events recovered per 100 embryos infected. The transgene
plants were detected using primers 5-GAAGGTGGCTCCTA-
CAAA-3' and 5'-AACCCATCTCATAAA TAACG-3'.

Analysis of RT-PCR and qRT-PCR

According to the method by Wadsworth et al. (1998), total
RNA from different organisms, leaves of plants in different
developmental stages, and distinct light or temperature regi-
mens were extracted for reverse transcription. First, RNA was
digested by DNasel for 40 min at 37°C; then, the reaction was
stopped with stop solution by incubation at 65°C for 10 min.
RNA was reverse-transcribed into cDNA using oligo and avian
myeloblastosis virus reverse transcriptase. For semiquantitative
gRT-PCR, actin primers were used as control (5'-TCACCCTGTG-
CTGCTGACCG-3' and 5'-GAACCGTGTGGCTCACACCA-3'). Ex-
pression analyses of zb7 mutant and wild-type was carried
out using specific primers (5'-GCATCTGGCTCACCAACGAA-3'
and 5'-GCTCCAAATGCAGGCAACAC-3'). Levels of gene expres-
sion in the MEP pathway were analyzed by qRT-PCR for DXS,
DXR (IspC), IspD, IspE, IspF, IspG, IspH of maize using the
following primers: DXS 5'-AGGACTCCCATTTCGCTTCG-3’ and
5'-TCATGTGGACGGGGTAGTTGA-3’; DXR 5'-AGAAGTTGCTCG-
CCATCCAG-3" and 5'-TTGCCAATGCTATGTCTTTACC-3'; IspD
5'-AGTCAAAGAAGTCGTGGTGG-3' and 5'-ACTAAGGGCCTTG-
CAGAAT-3"; IspE 5'-CCAACTGGTGCTGGTCTTG-3' and 5'-
ATGCTGCTCCTCGTGAAAA-3’; IspF 5'-TTAGCCCGTTCAAGGA-
GACAATC-3" and 5'-CGCATCAGGAGAACTACGGTATGA-3'; IspG
5'-TTGGAGCAAGTTGAAAGATGTG-3' and 5'-TTGGAGCAAGTT-
GAAAGATGTG-3'; and IspH 5'-GCATCTGGCTCACCAACGAA-3’
and 5'-GCTCCAAATGCAGGCAACAC-3'. Photoperiod expres-
sion of IspH was detected by gRT-PCR using primers 5'-
GCATCTGGCTCACCAACGAA-3' and 5'-GCTCCAAATGCAGG-
CAACAC-3'. Tubulin was selected as the control using primers
5'-TCACCCTGTGCTGCTGACCG-3" and 5'-GAACCGTGTGGCTCA-
CACCA-3'. The reaction volume was 30 pl and included 0.5 uM
of each primer and 1XSYBR Green PCR master mix (Takara).
The reaction procedure was carried out in a BIO-RAD cycler
as follows: 95°C for 10 min, 40 cycles of 95°C for 15 s, 60°C
for 15 s, and 72°C for 15 s.
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